Oceanobacillus iheyensis gen. nov., sp. nov., a deep-sea extremely halotolerant and alkaliphilic species isolated from a depth of 1050 m on the Iheya Ridge 
Introduction
The bottom of the deep-sea is not devoid of organisms, although the deep-sea is an extreme environment with particularly high hydrostatic pressure and low temperature. Numerous microorganisms including nonextremophilic and extremophilic microbes such as piezophiles, psychrophiles, thermophiles, and alkaliphiles have been isolated from deep-sea sediment collected at depths of 10 897 m in the Challenger Deep of the Mariana Trench by the unmanned submersible Kaiko [1] . In addition, benthic organisms such as amphipods and sea cucumbers, which thrive in the Challenger Deep, have been retrieved.
Although halophiles were not found in the Challenger Deep, several types of halophilic or halotolerant bacteria similar to the members of genera Bacillus, Halomonas, and Marinobacter on the basis of 16S rDNA comparison have been isolated from the shallower Izu-Bonin Trench (2759 m deep, 30³07.05PN, 139³58.42PE; and 3400 m deep, 29³04.2PN, 140³43.3PE) and the Iheya Ridge of the Nansei Islands (1050 m deep, 27³47.18PN, 126³54.15PE) [2] . Thus, it was expected that the relative abundance of halophiles and halotolerant microbes among the deep-sea microbial £ora would decrease as the depth of sampling points increased. Halophilic or halotolerant bacteria are often isolated from salterns, hypersaline soils, and lakes [3^5], but little information is available on isolates from the deepsea.
We are focusing on halophilic or halotolerant isolates from deep-sea environments. We are especially interested in strain HTE831 from the Iheya Ridge, which can grow on marine agar plates containing 15% NaCl, because 16S rDNA sequencing showed that the phylogenetic placement of this strain is comparatively close to that of Bacillus subtilis, for which the genome sequence has been determined [2] .
In this study, we attempted to identify strain HTE831 both on the basis of conventional physiological and biochemical characteristics and through phylogenetic analysis based on 16S rDNA sequences and compari-son of DNA^DNA hybridization patterns. We also attempted to determine the genome size of the HTE831 chromosome by pulsed-¢eld gel electrophoretic (PFGE) analyses.
Materials and methods

Bacterial strain, media, and cultivation
A deep-sea bacterium, designated HTE831, isolated from deep-sea mud sample collected at a depth of 1050 m on the Iheya Ridge of the Nansei Islands was studied [2] . The basal medium for strain HTE831 was PY medium, consisting of 1% polypeptone, 0.5% yeast extract, 0.1% K 2 HPO 4 , and 0.02% MgSO 4 W7H 2 O supplemented with NaCl (3^21%). The PY medium was adjusted to pH 6.58
.5 with HCl or NaOH solution. Two types of alkaline PY medium supplemented with 1% Na 2 CO 3 or 2% NaHCO 3 were adjusted to pH 10 and pH 9.5 with HCl or NaOH. All media with di¡erent pH values and NaCl concentrations were sterilized with a Falcon ¢lter unit with 0.22-Wm pore size (Becton Dickinson, Franklin Lakes, NJ, USA). Strain HTE831 was grown aerobically at various pH and temperature conditions. The cultivation of this strain under high-pressure conditions was carried out by the methods previously described [2, 6] .
Biolog test and physiological properties
Biolog tests were performed according to the manufacturer's instructions (Release 3.50, version DE, Biolog, Hayward, CA, USA). Plates were incubated at 30³C, and color changes were measured at 590 nm. Physiological properties of strain HTE831 were investigated by standard methods, described previously [7] .
Isoprenoid quinones and fatty acid analysis
Isoprenoid quinones were extracted from freeze-dried cells with chloroform:methanol (2:1) and puri¢ed by thin-layer chromatography. The puri¢ed isoprenoid quinones were analyzed by reverse-phase high-performance liquid chromatography (RP-HPLC) [8] and the absorbance was measured at 270 nm using menaquinone as a standard. Fatty acids were analyzed as methyl ester derivatives prepared from 10 mg of freeze-dried cell materials as previously described [9] .
DNA studies
DNA was extracted by a previously described method [10] . The G+C content was determined by RP-HPLC [11] . For analysis of relatedness, DNA^DNA hybridization was carried out at 40³C for 3 h and measured £uorometrically [12] .
Phylogenetic analysis based on 16S rDNA sequence
16S rDNA sequences were aligned using the Clustal multiple-alignment program (Clustal W) [13] . Sites involving gaps were excluded from all analyses. A phylogenetic tree was inferred by the neighbor-joining method [14] using the DNADIST and NEIGHBOR programs in the PHYLIP package, version 3.57 [15] .
PFGE
Chromosomal DNA of HTE831 for PFGE was prepared in agarose plugs as described [16] . Agarose blocks containing chromosomal DNA were washed twice in 50 ml of 0.1UTE bu¡er and then equilibrated with the corresponding restriction bu¡er at 4³C for 1 h. DNA was digested with 100^200 U of ApaI or Sse8387I (Takara Shuzo, Otsu, Japan) at 37³C overnight in 500 Wl of the restriction bu¡er recommended by the manufacturer. PFGE in 1% PFC agarose was performed as previously described [16, 17] . Fig. 1 . Phase-contrast and transmission electron micrographs of strain HTE831. A: Phase-contrast micrograph. Bar, 10 Wm. B: Transmission electron micrograph. Bar, 1 Wm. The strain was grown aerobically at pH 9.5 in PY medium containing 3% NaCl. For negative staining, one drop of culture was placed on a copper grid coated with 1% potassium phosphotungstic acid adjusted to pH 6.5 with potassium hydroxide.
Results
Morphology
Cells of strain HTE831 were predominantly rod-shaped, 0.6^0.8U2.5^3.5 Wm in size, but ¢lamentous forms were present throughout the growth cycle. The cells were Grampositive, strictly aerobic, and motile by means of peritrichous £agella ( Fig. 1 and Table 1 ). Ellipsoidal endospores were produced terminally or subterminally, causing swelling of the sporangia (Fig. 1) . Cell morphology was not a¡ected by the salinity of the growth medium. Colonies of strain HTE831 were circular, creamy white, nontransparent, and approximately 2^3 mm in diameter on PY agar medium after 2 days of growth at 30³C.
Physiological and biochemical properties
Strain HTE831 exhibited extreme halotolerance and was able to grow in PY medium containing 0^21% NaCl at 30³C, pH 7.5. At pH 9.5, this strain could also grow in the same medium containing 0^18% NaCl. The duration of the lag phase and generation time lengthened with increasing NaCl concentration. It is notable that this strain did not require NaCl and that the optimum concentration of NaCl for cell growth was 3% in the pH range 6.5^10.0 (Table 1) . Thus, strain HTE831 was shown to be facultatively alkaliphilic, exhibiting extreme halotolerance with broad pH optima for growth ranging from 7.0 to 9.5. Cell growth was observed at temperatures of 15^42³C, and the optimum temperature was 30³C in PY medium. In addition, HTE831 cell growth occurred at pressures of up to 30 MPa, corresponding to the pressure at a depth of 3000 m.
When the physiological characteristics of strain HTE831 were investigated by the Biolog test, it assimilated only four substrates (K-D-glucose, maltose, D-mannose, and turanose). This assimilation pattern was characteristic of other related strains listed in Table 2 . In contrast to HTE831, the ¢ve other strains, with the exception of Salibacillus salexigens [18] , assimilated 15^23 di¡erent substrates under the same conditions. The assimilation patterns of two Gracilibacillus strains [9, 19] , G. halotolerans and G. dipsosauri, were very similar to each other. Among three Halobacillus strains [20] , the substrate assimilation pattern of H. trueperi was very similar to that of H. litoralis, although that of H. halophilus di¡ered from those of the ¢rst two species. S. salexigens, which assimilated nine types of substrate, did not show an assimilation pattern similar to that of any other species (Table 2) . Strain HTE831 produced acid from glycerol, fructose, glucose, maltose, and mannose. HTE831 neither produced H 2 S nor indol. Production of DNase and urease, VP reaction, and assimilation of citrate by this strain were negative.
The major isoprenoid quinone in strain HTE831 was menaquinone-7 (MK-7), which accounted for 99% of the Table 1 Morphological and physiological characteristics of strain HTE831 and some related organisms Characteristics total isoprenoid quinones, as in related genera showing halotolerant or halophilic phenotypes ( Table 1 ). The G+C content of the DNA of strain HTE831 was found to be 35.8 mol%, as shown in Table 1 .
Phylogenetic analysis based on 16S rDNA sequence
In a previous study, the phylogenetic placement of strain HTE831 was investigated with partial 16S rDNA sequencing (1419 bp) of this strain [2] . In that analysis, it was found that strain HTE831 was positioned close to Bacillus species such as B. subtilis and B. sporothermodurans. For further characterization of strain HTE831, we determined the complete 16S rDNA sequence and constructed a phylogenetic tree based on a comparison of the 16S rDNA sequence of this strain and those of type strains of Bacillus species and other species belonging to related genera. The 16S rDNA sequence of strain HTE831 (1525 bp) was redeposited in the DDBJ/EMBL/GenBank with the same accession number (AB10863) previously registered.
Similarity values in the range of 90.5^94.4% were obtained when comparing the 16S rDNA sequence of strain HTE831 and those of nine other strains belonging to Bacillus halodenitri¢cans [21] and the genera derived from former Bacillus spp., such as Gracilibacillus, Halobacillus, Virgibacillus [22] , and Salibacillus. Phylogenetic analysis The numbers next to nodes indicate the percentages of bootstrap samples, derived from 1000 samples, which supported the internal branches [15] . Bootstrap probability values less than 50% were omitted from this ¢gure. Five strains (Bacillus halodurans, B. pseudo¢rmus, B. pseudalkaliphilus, B. clarkii, and B. agaradhaerens) are alkaliphile and others are halophilic or halotolerant and alkaliphilic strains. The sequence of Lactobacillus delbrueckii has been included to serve as an outgroup. Bar, 0.01 Knuc unit based on 16S rDNA sequence comparison showed that strain HTE831 formed a cluster with the related strains belonging to the genera Virgibacillus and Salibacillus, derived from former Bacillus spp. and B. halodenitri¢cans, but the branch of HTE831 diverged at the bottom of this cluster (Fig. 2) . This means that strain HTE831 is phylogenetically distant from these related genera, although their halotolerant phenotypes and other physiological characteristics are similar.
DNA^DNA hybridization analysis
DNA^DNA hybridization analysis was carried out to compare strain HTE831 and eight related strains ( Table  3 ). The DNA^DNA relatedness between HTE831 and two Gracilibacillus strains [9] , G. dipsosauri (DSM 11125 T ) and G. halotolerans (DSM 11805 T ), was 30% and 25%, respectively. Two Salibacillus strains [9] , S. salexigens [17] T ) also showed a low homology of 24% with HTE831. Thus, it is clear that strain HTE831 should not be categorized as a member of a new species within a known genus.
Estimation of genome size of strain HTE831
Restriction endonucleases that recognize an 8-bp sequence were tested for their ability to digest the chromosome of strain HTE831. ApaI (5P-GGGCC/C-3P) and Sse8387I (5P-CCTGCA/GG-3P) generated 37 and 25 resolvable fragments, respectively (Fig. 3) . The sizes of these fragments were determined by comparison with size standards on a series of PFGE gels (Fig. 3) . The mean total 
Discussion
In the previous study, halophilic or halotolerant bacteria were recovered from various deep-sea sites at a frequency of 0.9U10 2^3 .6U10 3 g 31 of dry sea mud [2] . Strain HTE831 isolated from deep-sea mud collected at a depth of 1050 m on the Iheya Ridge was characterized as an extremely halotolerant and facultatively alkaliphilic bacterium in this study. Halophilic or halotolerant bacteria are often isolated from salterns, hypersaline soils, and lakes [3^5], but little information is available on the isolates from the deep-sea. HTE831 is the ¢rst Gram-positive, spore-forming isolate from the bathypelagic zone, which shows extremely halotolerant and facultatively alkaliphilic phenotypes. Thus, deep-sea is a promising environment to ¢nd new types of halophilic or halotolerant bacteria. However, it is not easy to access such deep-sea sites, not even by using the manned submersible Shinkai 6500, due to climatic problems and economical constraints. Similarity values in the range of 90.5^94.4% were obtained when comparing the 16S rDNA sequence of strain HTE831 and those of nine other strains used in this study. In the phylogenetic tree constructed based on 16S rDNA sequences, HTE831 formed a cluster with the related strains belonging to the genera Virgibacillus and Salibacillus, derived from former Bacillus spp. and B. halodenitri¢cans; the branch of HTE831 diverged at the bottom of this cluster, which is being supported by the bootstrap value of 80% (Fig. 2) . It has been suggested that 16S rDNA similarities around 95% would be a practical border zone for genus de¢nition [24] . At 16S rDNA similarity levels of 97% and higher, the DNA^DNA reassociation techniques are the superior method [25] , and the genomic DNA similarity of around 70% and higher is shared by strains of a species [26] . The DNA^DNA relatedness between HTE831 and nine other related species in the ¢ve genera, Bacillus, Gracilibacillus, Halobacillus, Virgibacillus, and Salibacillus, was less than 30%, indicating that HTE831 should not be categorized as a new species in any of these genera.
On the other hand, there are some signi¢cant di¡erences between HTE831 and other related species in the growth pattern in terms of salinity and temperature. For example, Salibacillus and Halobacillus species show a halophilic phenotype, but no growth occurs in the absence of salt, in contrast to halotolerant HTE831. Although Virgibacillus and Gracilibacillus species also have halotolerant phenotypes like HTE831, Virgibacillus species can only grow in medium containing up to 10% salt, and Gracilibacillus species can grow even at 50³C, which is 8³C higher than the maximum growth temperature for HTE831. Oceanobacillus (o.ce.a.no.ba.cil'lus. L. n. oceanus, the ocean; L. dim. n. bacillus, a small rod; M.L. masc. Oceanobacillus, the ocean bacillus/rod).
Gram-positive, motile by peritrichous £agella, sporeforming rods. Endospores are subterminal or terminal and slightly swell the sporangia. Obligately aerobic, facultatively alkaliphilic, and extremely halotolerant. Growth occurs at temperatures of 15^42³C. Colonies are circular. Chemoorganotrophic. Grows on glucose, mannose, maltose and turanose. Acid production occurred from glucose, mannose, glycerol, fructose, and maltose, but not from xylose, rhamnose, glucitol, trehalose, galactose, lactose, and melibiose. Catalase-positive, oxidase-variable, DNase-negative, and urease-negative. VP reaction, indol and H 2 S production, and use of citrate are negative. Aminopeptidase and KOH tests are negative. Nitrate reduction to nitrite is negative. Cells are resistant to erythromycin, but susceptible to ampicillin. On the basis of 16S rRNA gene sequencing analysis, the genus Oceanobacillus does not form a branch with other genera such as Halobacillus, Gracilibacillus, Virgibacillus, and Salibacillus. The G+C content of the type species is 35.8%. The major cellular fatty acids are anteiso-15:0, iso-15:0, and iso-14 :0. The main menaquinone type is MK-7. The type species of the genus is O. iheyensis sp. nov. In addition to the characteristics listed above for the genus, the following features are characteristic of M. iheyensis. Cells are 0.6^0.8U2.5^3.5 Wm. Endospores are ellipsoid. Colonies are creamy white. Grows at 0^21% (w/v) NaCl, with optimum growth at 3% NaCl. Growth occurs at temperatures of 15^42³C (optimum 30³C). The pH range for growth is 6.5^10 (optimum 7.0^9.5). Hydrolyzes gelatin, casein, Tween 40, and Tween 60. Does not hydrolyze starch. Cells are resistant to nalidixic acid and spectinomycin, but susceptible to gentamycin, kanamycin, tetracycline, bacitracin, carbenicillin, chloramphenicol, novobiocin, penicillin G, and rifampicin. The following four substrates are assimilated in the Biolog test: K-D-glucose, maltose, D-mannose, and turanose. The G+C content is 35.8%. The genome size is about 3.6 Mb. 16S rDNA sequence exhibits 90.5^94.4% homology with those from B. halodenitri¢cans and the members of the genera Halobacillus, Gracilibacillus, Virgibacillus, and Salibacillus. The isolate was obtained from a mud sample collected at a depth of 1050 m on the Iheya Ridge. The type strain is O. iheyensis HTE831
T , = JCM 11309 T , Japan Collection of Microorganisms, RIKEN Institute, Wako-shi, Saitma, Japan, and = DSM 14371 T , Deutsche Sammlung von Mikroorganismen und Zellkulturen, GmbH.
